Abstract: Molecular solids are generally highly insulating. The creation of conducting molecular solids proved to be a major scientific challenge. As in the case of Si technology, the challenge started as impurity doping in band insulators and then developed into highly doped polymers, which are not crystalline. More conducting materials in crystalline forms have been realized in charge transfer (CT) complexes with two different kinds of molecules, where electrons are transferred between them in solids. In such CT complexes, not only conducting, but also even superconducting systems were achieved in 1980 and today more than 100 different superconductors are known. The most remarkable achievement in this direction was the realization of a truly metallic state in molecular solids based on a single kind of molecule. These are called single component molecular metals (SCMM) and consist of a rich variety of electronic properties. In these conducting molecular solids, CT and SCMM, many interesting electronic properties resulting from mutual Coulomb interactions and electron-phonon interactions have been explored so far, and these will be reviewed briefly in this article from a theoretical viewpoint. Challenges to come, based on these achievements, are also discussed at the end of this review.
Introduction
As has been most beautifully phrased by Anderson [1] "More is different", properties of solids consisting of a huge number of atoms and molecules are truly diverse and completely different from those of each isolated constituent. The most significant emergent features of solids are the clear
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distinction between metals and insulators, and the existence of phase transition such as ferromagnetism and superconductivity. Regarding the former, which is more fundamental, realization of the metallic state was not easy in general for solids consisting of molecules. The history of exploration of conducting molecular solids is, however, not so old. Nevertheless, achievements in the past 40 years are remarkable. Here it is to be noted that targets in realizing metallic states will be clearly identified by understanding another limiting factor, i.e., insulating states: band insulator (BI), Mott insulator (MI), charge ordered state (CO) and Anderson localized state. The former three are intrinsic; BI is due to the Pauli principle, while MI and CO are due to strong Coulomb interaction among electrons (strong correlation). The latter, Anderson localization, is due to disorder.
After some earlier efforts [2] , semiconducting properties have been realized in Br doped perylenes [3] . The realization of conducting state here is through substitution of host by a small amount of elements with a different number of electrons in the outer shell, i.e., carrier doping into otherwise insulating host crystals (doped band insulators). This situation is similar to doped silicon. Doped polyacetylenes, which were realized in 1977 [4] , belong to this family. More recently, carrier doping by external electric field (field-effect transistors, FET), which has long been familiar in two-dimensional electron gas in Si-MOS, has been pursued in search for proper materials for molecular devices [5] . Conducting states with rather high mobility has recently been realized, based on DNTT(dinaphtho[2,3-b:2',3'-f]thieno [3,2-b] thiophene) [6] and/or BTBT (2,7-Diphenyl [1] benzothieno [3,2-b] benzothiophene) [7] molecules. It is interesting to note that carrier doping even into MI has also been achieved recently [8] . In FET, carrier density is usually small and effects of disorder are inevitable, and then resistivity quite often builds up as the temperature is lowered. Eventually, the insulating state is realized as ground state, which is Anderson localized state. The processes toward such insulating states and their electronic properties have been studied extensively both experimentally and theoretically [9] .
Metallic Molecular Solids of Charge Transfer Type

TTF-TCNQ
More conducting states than those due to doping have been realized around 1970 in solids with two different kinds of molecules, where electrons are transferred from one kind of molecule to another, called charge transfer (CT) salts. Here, two kinds of molecules work as donors (D) and acceptors (A), respectively. With a partial amount of electron per molecule transferred between D and A, conducting carriers are created. In the case of TTF-TCNQ (tetrathiafulvalene-tetracyanoquinodemethane), which is very one-dimensional and has been studied in detail, the carrier number per molecule is around 0.3, and both electrons and holes are present (semi-metallic). In this system, conductivity is anomalously enhanced around 50 K as the temperature is lowered [10] ; a fact which stimulated many investigations [11, 12] . The ground state in this case insulates due to the Peierls distortion resulting in superstructure, and then this insulating state is understood as BI in the new periodic structure. Tt has since been theoretically clarified [13] that one-dimensional electron systems generally display instability which is associated with the Fermi surface, e.g., charge density wave (CDW) and spin density wave (SDW), leading to the insulating ground state. The case of TTF-TCNQ is a good example of CDW.
(TMTCF) 2 X
The molecule, TMTCF, stands for either TMTSF (tetramethyltetraselenafulvalene) or TMTTF (tetramethyltetrathiafulvalene) with C representing a chalcogen. (TMTCF) 2 X is CT salt with the composition of D 2 A. Here an acceptor (A) such as PF 6 has strong potential to attract an electron to be a closed shell such as A − . As a function of pressure, either external or chemical (by substituting TMTSF by TMTTF molecule, or changing anions X), this family shows a very rich phase diagram, which includes superconductivity (SC), SDW, antiferromagnetism (AF), spin-Peierls (SP) and charge ordered (CO) phases [14] . The first superconducting state in molecular solids was realized in one such family member: (TMTSF) 2 PF 6 , [15, 16] in 1980. (More than 100 superconducting molecular solids are now known [17] .) The latest understanding of the phase diagram of this family is depicted in Figure 1 [18, 19] . Note that the relationship between AF and SP is seen to be intricate [20] . Band structure caused some confusion in the early stages, but eventually the validity of tight-binding approximation based on molecular orbitals, HOMO (highest occupied molecular orbital) and LUMO (lowest unoccupied molecular orbital) [21, 22] , was demonstrated [23] . With this 2:1 composition, the Bloch band consisting of HOMO of TMTCF molecules will be 3/4-filled (1/4 hole-filling). The actual band structure of (TMTCF) 2 X is very one-dimensional, reflecting chain structures but with non-negligible inter-chain transfer integrals and interactions. This explains the diversity seen in the phase diagram together with various interesting phenomena under magnetic field [24, 25] .
There have been issues raised associated with the phase diagram (Figure 1 ), especially associated with T ρ . In order to understand the background of these issues, it is important to note that two limiting states are expected as ground states in 1/4-filling in the presence of strong Coulomb interactions; charge order (CO) in cases without dimerization [26] , and Mott insulators in the presence of strong dimerization (known as dimer Mott insulator; DM) as schematically shown in Figure 2 . In TMTCF, there is a finite dimerization of the order of 10% along the chain because of its crystal structure, and then values of transfer integrals alternate. A question then arises: should (TMTCF) 2 X be considered as half-full because of finite dimerization? If this aspect is emphasized, Mott physics will play crucial roles [27, 28] . However, it has been indicated by simple calculations based on mean-field approximation for Coulomb interaction, together with finite dimerization in this 1/4-filling case, that CO is possible [29] . In parallel to, and independent of this theoretical indication, CO was observed by NMR [30] in another quasi-one-dimensional CT, (DI-DCNQI) 2 Ag (DI-DCNQI =2,5-diiodo-N,N'-Dicyanobenzoquinonediimine2,5-diiodo-N,N'-Dicyanobenzoquinonediimine), which is without dimerization at high temperatures. (Once CO sets in, a particular type of dimerization is stabilized [31, 32] .) A little later CO was also identified by NMR in an experiment with (TMTTF) 2 X (X = PF 6 and AsF 6 ) with finite dimerization [33] . Moreover anomalies and/or phase transition type critical behaviors in dielectric constant, associated with CO, have been identified in (TMTTF) 2 X (X = PF 6 , AsF 6 , SbF 6 ) [34] [35] [36] , which resolved the long-standing mystery of existence of "structureless transition" [37] . This indicates that the essence of electronic states discriminating between 1/2-filling and 1/4-filling is quantitative [38] . At the same time, this finding has clarified that not only mutual Coulomb interaction, but also electron-phonon interactions [20, 39] , play important roles in accordance with the existence of spin-Peierls phase next to anitiferromagnetic state on one hand, and various patterns of charge ordering [39, 40] not simply expected by Coulomb interaction alone, on the other hand. Moreover, it is worth noting in Figure 1 that there are two different kinds of spin-Peierls (SP) and antiferromagnetic (AF) phases as a function of pressure. SP1 and AF1 had been understood in terms of the increase of dimensionality as pressure increases [41] , while SP2 and AF2, which are apparently associated with CO [42] [43] [44] [45] , are now being proposed as resulting from the interplay between mutual Coulomb interactions within a chain and between chains, electron phonon interaction and electron hopping between chains [19] . 
(ET) 2 X
CT salts with the same composition ratio, D 2 A, and with BEDT-TTF (bis(ethylenedithio)tetra-thia-fulvalence, abbreviated as ET) molecules as donors, have been studied in great detail [46] [47] [48] . (ET) 2 X compounds have conducting ET layers separated by an insulating one consisting of acceptors. Because of the crystal structure, electronic states are very two-dimensional in contrast to (TMTCF) 2 X. There is diversity in the spatial location of ET molecules within a unit cell, called poly-types, each of which shows characteristic electronic properties. It had proven difficult to underpin the crucial parameters leading to such diversity in spite of the fact that the carrier density is the same: 1/4-hole-filled. The essence of the diversity of electronic properties, theoretically, is that the basis is the band structure derived by the tight-binding approximation for the transfer integrals, t ij . Effects of mutual Coulomb interaction are studied based on the same molecular orbitals in terms of parameters such as "U" in the Hubbard model, but also with spatially extended ones between neighboring orbitals, V ij (especially those between nearest neighbors, V). The canonical model in such circumstances, which may be termed as "extended Hubbard model", is given as follows:
It is important to note that values of U and V (especially the former) are more or less the same in all (ET) 2 X and features particular to each polytype are due to the transfer integrals, t ij . It turned out that, from the values of electron transfer integrals, there are different degrees of dimerization depending on the polytypes. As emphasized in Figure 2 , two limiting states are expected in 1/4-filling depending on the degree of dimerization, CO and DM, though in reality it is usually somewhat in between. Moreover, crystal structures (values of transfer integrals, to be precise) are close to triangular lattice of either single ET molecule or dimers as a unit (in cases with strong dimerization) as shown in Figure 3 , where the crucial parameter is t'/t. Hence the degree of dimerization and proximity to triangular lattices have turned out to be the key parameters to classify the whole family of (ET) 2 X. Among scientific highlights associated with these (ET) 2 X compounds, are the realization of spin liquid in triangular κ-(ET) 2 Cu 2 (CN) 3 , and discovery of massless Dirac electrons in α-(ET) 2 I 3 with CO (charge disproportionation to be precise); both of which are introduced in the following. In κ-polytype (ET) 2 X, which forms an interesting phase diagram with insulating and superconducting states next to each other on the plane of effective pressure and temperature [49, 50] , there is strong dimerization and then the electronic state is identified by treating a dimer as a unit. Each dimer has one hole and then Mott insulators (dimer Mott) are expected to form if Coulomb interactions are strong. The resultant lattice structures of dimers are triangular [46, 51] but with small deviations from perfect triangular lattice depending on X, which is characterized by t'/t. In the present case of dimer Mott on triangular lattice, spin 1/2 exists on each lattice as shown in Figure 4a among which superexchange interactions, J and J', associated with transfer integrals t and t', are operating. Comparing cases with X 1 = Cu 2 (CN) 3 (t'/t = 1.05) and with X 2 = Cu[N(CN) 2 ]Cl (t'/t = 0.74), it is seen from temperature dependences of susceptibility [52] that there is a magnetic transition for X 2 but not for X 1 . Actually there is no sign of magnetic transition in case of X 1 down to 32 mK which is of the order of J/10 4 with J ~250 K. This is the first experimental realization of spin liquid which was proposed by Anderson in 1973 [53] . Since then, various candidates of spin liquid states have been reported including another kind of molecular solid, β'-X [Pd (dmit) 2 ] 2 (dmit = 1,3-dithiol-2-thione-4,5-dithiolate) with X = EtMe 3 Sb [54, 55] . It has been clarified that this family has various ground states as a function of t'/t, including antiferromagnetic long range order, charge order and spin liquid state in between [56] . Specific heat, NMR relaxation time and thermal conductivity in these candidate materials are reported to have puzzling low temperature behaviors which appear not to be consistent with the framework of conventional understanding of spin systems, for which various explanations have been proposed [57] . It is interesting to note that a very small interaction (much smaller than J) will manifest itself toward absolute zero in real materials, leading to some kind of ordering, mainly in the short-range, as in the case of weakly coupled chain systems. Hence, it is possible that eventually interaction paths heading toward absolute zero become one-dimensional, as in percolation processes. One recent surprise associated with κ-(ET) 2 Cu 2 (CN) 3 , is the finding of strong frequency dependences of dielectric constant [58] indicating the presence of active charge degree of freedom which is beyond the concept of dimer Mott insulator. There are proposals [59] [60] [61] [62] which point to the proximity of dimer Mott in κ-polytype to charge ordered state. In this context, it interesting to note that in β'-X [Pd(dmit) 2 ] 2 , spin liquid is realized for X = EtMe 3 Sb (t'/t = 0.92), while charge ordering occurs for X = Et2Me 2 Sb (t'/t = 1.01), indicating spin liquid state here is also in the proximity of charge ordering. Another interesting experimental indication is that this anomalous dielectric property may depend on whether the system is either spin liquid or magnetic [63] . This would reflect the subtle interplay between spin and charge sectors, which deserves further detailed studies both experimentally and theoretically.
Charge Glass State in θ-polytype
The spin liquid state, which is a unique state of matter, is due to the frustration of quantum spins. A similar situation can be imagined for the spatial arrangement of electronic charges for the present 1/4-filled cases, as schematically shown in Figure 4b . With such frustrations, charges will not order, even under strong mutual interactions as suggested theoretically [64] . Such a state may be called charge glass. In θ-polytype of ET 2 X, which displays an interesting phase diagram with superconductivity and charge order on the plane of temperature and dihedral angle between neighboring molecules [17] , many experimental results including X-ray and Raman scattering, NMR and non-linear transport in the metallic states indicate the existence of short range charge order [65] . It is challenging to search for possible superconducting states in such charge glass states, since the energy scale governing the critical temperature can be large in liquid.
Massless Dirac Electrons in α-(ET) 2 I 3
In α-(ET) 2 I 3 there is no clear dimerization and the unit cell has four ET molecules. At ambient pressure, there is metal-insulator transition at around T MI = 135 K [66] which is now understood as due to charge ordering [47, 67] . The T MI is reduced by external pressure and eventually disappears above 15Kbar. The resistivity of the metallic state is very particular and almost independent of temperature. Measurement of Hall mobility disclosed that the effective carrier number is reduced by several orders of magnitude between room temperature and liquid He temperature. This implies that mobility is enhanced by the same amount in the same temperature range. Very careful theoretical analysis of band structure under such pressure, based on tight-binding approximation, disclosed [68, 69] that the electronic band structure has a very particular feature of having accidental degeneracy (crossing point) off the symmetry point (two crossing points in the Brillouin zone) and that the Fermi energy is located precisely at this crossing due to 3/4-filling). This fact has been confirmed later by first principle band calculations [70, 71] . The effective Hamiltonian around each of these crossing points is given by the tilted Weyl equation [72] given as follows,
where σ 0 = 1, σ ρ (α = 1,2,3) represents the Pauli matrix and v ρ is velocity. This leads to massless Dirac electrons as in graphite [73, 74] and graphene [75] but with finite tilting in the present case, which reflects the fact that the crossing points are located away from the symmetry points in the Brillouin zone. The essential difference of the materials, is that graphene is just one layer but α-(ET) 2 I 3 is a bulk crystal. Many particular features of electronic properties are expected for such massless Dirac electrons, including transport, especially magneto-transport, properties both within and between layers. This is due to Landau quantization by magnetic field applied perpendicularly to the layers, which is different from ordinary quantization as seen in Figure 5 [73] ; there is always a Landau level at the crossing energy called 0-th level. This is due to essential coupling between two bands in terms of magnetic field, i.e., inter-band effects of magnetic field [76] . The energy level quantization by magnetic field, shown in Figure 5 , leads to a new type of quantum Hall effect as has been confirmed experimentally in graphenes [75] . The non-monotonic field dependences of magneto-resistance between the layers in α-(ET) 2 I 3 have been shown to be consistent with the existence of this 0-th level [77] . Responses of massless Dirac electrons to external magnetic field have particular features not only in such high magnetic fields, but also in weak fields as has been known for many years for the case of orbital susceptibility χ, which has large contributions only when the chemical potential is close to the crossing energy [78] . On the other hand, behaviors of the Hall conductivity σ xy have been clarified only recently, first without [79] and then with, tilting [80] . The results of dependences on chemical potential (μ) of χ and σ xy [79] together with those of well-studied σ xx [81] under the assumption of constant damping, Г, are shown in Figure 6 . The existence of finite tilting affects the results in Figure 6 quantitatively, but qualitative features are unchanged. It is important to note that σ xy vanishes at the crossing energy, which is very natural from the viewpoint of electron-hole symmetry. However, this has important implications, since the Hall coefficient R = σ xy /Hσ xx 2 should vanish if the chemical potential is at the crossing energy. This is in sharp contrast to conventional understanding that R is proportional to the inverse of the effective carrier density and then it would diverge toward the crossing energy, either negatively (electron-like) or positively (hole-like), as shown by broken lines in Figure 6d . This is a very illuminating example of the essential importance of the inter-band effects of magnetic fields. 
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2 cГ, respectively. The broken lines in Figure 6d for Hall coefficient correspond to the inverse of carrier density of either electrons or holes.
Experimentally, Hall coefficient R in α-(ET) 2 I 3 shows very interesting temperature dependences as seen in Figure 7 [82] , which discloses a very abrupt but continuous change. This is proposed [80] to be due to temperature dependence of chemical potential resulting from asymmetry of energy dependences of density of states near the crossing energy [71] and possible existence of I 3 defects. Further studies on this interesting possibility, both theoretically and experimentally, will disclose the nature of electronic states near the crossing points in more detail, which may be sensitive to interactions as suggested by recent NMR experiments in [83] as well as theoretically in [84] . Regarding weak temperature dependences of resistivity, together with very strong temperature dependences of effective mobility and carrier density, no detailed studies have yet been carried out. We may, however, argue as follows based on the results obtained in Figure 6 at absolute zero, which shows conductivity almost linear in energy compared with almost no temperature dependences in experiments. This will be resolved if Г is proportional to temperature. Then this, from the weak dependences on energy of σ xy in Figure 6 , will lead to σ xy ~1/Г 2 , which predicts R is proportional to 1/Г 2 , which is in qualitative agreement with experiments, though detailed analysis based on solid calculations is definitely needed. [82] . Note that R in electron-doped cases changes sign very sharply at some characteristic temperature which depends on samples, whereas the sign of R in hole-doped cases is unchanged.
Charge Transfer Complexes with d Electrons
There are cases where a molecule contains a metallic ion, quite often transition metals with d-orbitals. These cases will be classified into two groups depending on the degree of localization of d-states, either (A) localized spins (S) or (B) fluctuating valences. The former, (A), includes λ-(BETS)(FeCl 4 ) 2 (BETS = bis(ethylenedithio)tetraselenafulvalene) with S = 5/2 associated with high spin state of Fe +3 being a surprising example of superconductivity induced by magnetic field, applied parallel to the layer [85, 86] and TTP[FePc(CN) 2 ] 2 (TTP = tetraphenylphosphonium, Pc = phthalocyaninato) with S = 1/2 due to low spin state of Fe
3+
, showing strong magneto-resistance [87] , while the latter, (B), includes V(TCNE)x (TCNE = tetracyanoethylene), which is an example of a room-temperature ferromagnet [88] [89] [90] . The case of DCNQI 2 Cu (DCNQI = 2,5-Disubstituted N,N'-Dicyanobenzoquinonediimines), which shows dramatic metal-insulator transition as a function of temperature and chemical pressure, can be considered to be a very special example of valence fluctuation in metallic state and localized spins in insulating states tuned by temperature [91, 92] . Such features of mixed characteristics are also found in single component molecular metals, as will be discussed in the following.
Single Component Molecular Metals
In 2001, metallic states based on a single kind of molecule, Ni(tmdt) 2 (tmdt = trimethylenetetrathiafulvalenedithiolate), was realized. This is really an important step in the research history of conducting molecular solids [2, 93, 94] . As seen in Figure 8 , the Ni atom in this molecule is located at the center coupled to a ligand (tmdt) on each side. The metallic state here is due to the overlap of HOMO and LUMO bands as designed (which is a surprising fact!). The existence of Fermi surfaces has been experimentally confirmed by dHvA [95] whose oscillations are in agreement with results of band structure calculations, first by tight-binding approximation [93] and later by more detailed first principle calculations [96] [97] [98] agreeing with each other. It is to be noted that a large positive and isotropic magneto-resistance has been observed in this system [99] , whose origin is not identified. Later SCMM, based on another kind of molecule, Au(tmdt) 2 , has been synthesized [100] which shows the onset of anti-ferromagnetism at around 110K with a relatively large magnetic moment [101, 102] and metallic state maintained at low temperature. The nature of this antiferromagnetic state has been studied, based on first principle band calculations [97, 98] and on multiband Hubbard model based on the numerical fitting to band calculations [103] . However, theoretical values for the magnetic moment are clearly smaller compared with experimental values [102] , whose origin has not yet been understood. More recently another SCMM based on Cu(tmdt) 2 has been synthesized [104] . In contrast to the preceding examples, this system with Cu insulates below room temperature and the magnetic susceptibility indicates the existence of a localized magnetic moment associated with Cu 2 , which led to the first single component molecular metal.
Challenges: Electronic States in Bio-material
As seen in the previous sections, understanding properties of molecular solids based on electronic states has experienced remarkable changes over the past 40 years. This is due to the progress of various experimental techniques on one hand, and theoretical analysis with models based on tight-biding approximation on the other hand. It will be natural to expect that research targets of condensed matter science gradually include non-crystalline molecular systems, e.g. bio-material such as proteins and DNA. In metalloproteins, for example, local structures around metallic ions are similar to those discussed in Sections 3 and 4, especially the latter. The non-crystalline features in these bio-materials might appear to be a difficult barrier to overcome from the view of solid state science. This is not the case in essence, however. This is due to the validity of tight-binding approximation for electronic states in molecular systems. Actually, there is already pioneering work [105] trying to search for key parameters in the tight-binding approximation between two amino-acids targeting construction of electronic states of proteins based on amino acids. This new framework has been applied recently to electron transfer in proteins [106] . Likewise, theoretical efforts are under way to identify electronic states and then functionalities of myoglobin stimulated by the state of the art experiment [107] . It has been indicated in this experiment that, for both reduced (Fe 2+ ) and oxidized (Fe 3+ ) states, the removal or addition of an electron primarily involves charge changes on ligand sites, and not the Fe-sites, which is in accordance with results based on optical spectra many years ago [108, 109] . In order to carry out systematic researches in this direction, coordinated activities are needed among sample preparation, measurement and theoretical analysis, through collaboration between condensed-matter physics, chemistry and biology [110, 111] .
Conclusion
Efforts and achievements in the past 40 years in physics and chemistry concerning the science of conducting molecular solids, have been briefly reviewed, starting form charge transfer salts of D 2 A, such as (TMTTF) 2 X and (ET) 2 X, to single component molecular metals (SCMM). In the former which are 1/4-filled systems, it has been indicated that charge disproportionation and charge ordering are frequently realized. In the ET 2 X family, two kinds of remarkable states of matter have been realized-the spin liquid, which was predicted by Anderson in 1973; and massless Dirac electrons described by the tilted Weyl equation-and each show very particular electronic properties. It has been pointed out also that when d-electrons couple with conducting p electrons, i.e., p-d systems, there are two distinct states, depending on the degree of localization of d electrons; localized spins or valence-fluctuating. In SCMM, the constituting molecule has a metallic ion at the center linked to ligands on each side. In the first example of SCMM, Ni(tmdt) 2 , electrons are transferred to ligands and no appreciable coupling between d and p electrons occurs, whereas in later examples, Au(tmdt) 2 and Cu(tmdt) 2 , d electrons of metallic ions play important roles leading to different types of magnetism. Such particular spatial coordination between d elements and ligands is commonly seen in bio-materials, especially in metalloproteins, which will be interesting and important research targets in the very near future.
